The molecular basis of the systemic induced resistance (SIR) phenotype known to occur in Austrian pine (Pinus nigra J.F. Arnold) in response to the tip blight and canker pathogen Diplodia pinea (Desm.) remains unclear. Specialized metabolites such as phenolics are considered to be an important component of plant defense, including SIR, but the antimicrobial activity of many of these putative defensive chemicals remains untested at realistic concentrations and in conjunction with each other. Here, we examined the anti-Diplodia activity of several previously identified Austrian pine phenolics associated with SIR by comparing the diameters of fungal colonies grown on media amended with ferulic acid, coumaric acid, taxifolin, pinosylvin, pinosylvin monomethyl ether and lignin. All of the compounds were tested both individually and as clusters (combinations) previously determined to occur in planta in a co-regulated fashion. Both the individual compounds and clusters were tested at constitutive concentrations and pathogen-induced concentrations linked to an SIR phenotype. Lignin possessed the strongest antifungal activity individually, and clusters at the SIR concentrations had the greatest antifungal effects, achieving fungistasis. This study exemplifies the value of evaluating potential biomarkers of resistance at in planta concentrations that are associated with the systemically resistant phenotype, and provides strong evidence that co-regulation of chemical defenses potentiates such a phenotype.
Introduction
Plants produce a vast array of specialized metabolites with no identified role in primary metabolism. Although originally dubbed 'secondary' and hypothesized to be accidental byproducts of primary metabolism, it has long been clear that these compounds are involved in critical physiological processes, most notably defense (Fraenkel 1959, Bennett and Wallsgrove 1994) . Indeed, several compounds act as feeding deterrents against animals (Simmonds 2003, Mithöfer and Boland 2012) , have direct toxic properties against microbes (Reichling 2010) , protect plants from environmental stress (Close and McArthur 2002) and mediate systemic defensive signaling (Vlot et al. 2009 ). These specialized compounds typically have low molecular weight and belong to a number of major chemical classes including glucosinolates, terpenoids, alkaloids and phenolics (Bennett and Wallsgrove 1994) . Specialized metabolic defenses can be both constitutive (i.e., preformed) or induced following the successful recognition of a pathogen (Daayf et al. 2012) . Induced defenses can be broad spectrum and include phytoalexins, i.e., de novo synthesized defense compounds (Kemp and Burden 1986 , Bennett and Wallsgrove 1994 , Rhodes 1994 , many of which are phenolics (Lattanzio et al. 2006) . Inducible defenses can manifest both locally at the site of infection as well as systemically throughout the plant (Agrawal et al. 1999) , with the distal accumulation of phenolics hypothesized to be a significant component of systemic induced resistance (SIR) in conifer trees (Bonello et al. 2006) . Systemic induced resistance is a phenotype characterized by
Research paper
enhanced resistance to subsequent biotic attack in distal tissues following an induction event (e.g., pathogen infection). Systemic induced resistance has been extensively characterized in herbaceous model plants, but less so in trees (Eyles et al. 2010) .
SIR in Austrian pine (Pinus nigra J.F. Arnold) against the shoot blight and canker pathogen Diplodia pinea (Desm.) is expressed as smaller canker lesion lengths, and can be triggered by stem inoculations with D. pinea or feeding by the European pine sawfly, Neodiprion sertifer (Geoff.) (Blodgett et al. 2007 ). This enhanced resistance is hypothesized to result from coordinated shifts in the specialized metabolism of the phloem (Wallis et al. 2008) . For example, Wallis et al. (2008) observed significantly increased levels of several phenolic metabolites in the phloem of branches excised from trees expressing SIR vs. non-wounded control (NWC) trees (i.e., naïve trees). These compounds included ferulic acid glucoside, coumaric acid hexoside, dihydroconiferin II, taxifolin hexoside, taxifolin, pinosylvin (PS), pinosylvin monomethyl ether (PSM), lignin and an unknown compound. Ferulic acid glucosides, and to a lesser extent lignin, were individually negatively correlated to lesion length, suggesting a role in establishing the SIR phenotype. Wallis et al. (2008) also found that the phenolic glycosides and stilbenes clustered into two distinct co-regulated groups, and that these clusters were negatively correlated with lesion length, both as individual clusters and as one combined cluster. This coordinated co-regulation of secondary metabolites further suggests that phenolics are significant biochemical factors involved in establishing the SIR.
A few of the compounds found in Austrian pine have previously been demonstrated to have antifungal properties in vitro against D. pinea Stanosz 1997, Celimene et al. 2001) , but these compounds were not specifically tested at concentrations related to any phenotypic profile, nor were they examined for synergistic effects. Determining the antifungal effects of these potentially important phenolic compounds will help verify their significance in establishing SIR in Austrian pine, and give a better understanding of the mechanisms of SIR. Therefore, the objective of this study was to examine phenolic compounds for antifungal properties in vitro at biologically relevant concentrations and in groupings associated with the SIR phenotype.
Materials and methods

Fungal material
An isolate of D. pinea was obtained from the symptomatic cones of Austrian pines on the Ohio State University campus, Columbus, OH in 2010 (40°0′N, 83°1′W) . The cone scales were surface sterilized using a 0.5% sodium hypochlorite solution for 2 min, followed by two, 2-min washes with distilled water. Following sterilization, the scales were placed in a moist chamber to allow the fungal mycelium to grow out of the tissues. This mycelium was then plated onto fresh potato dextrose agar (PDA). Four days after plating, the culture was hyphal tipped to isolate a single genotype, whose identity was verified as D. pinea by sequencing the internal transcribed spacer using D. pinea specific primers (Smith and Stanosz 2006) . The isolate showed 99.0% identity to D. pinea isolate BLE5 (NCBI accession FN868481) (Botella and Diez 2011) .
Tested compounds
The following compounds were selected and tested for antifungal activity because of their suspected role in establishing the SIR phenotype (Wallis et al. 2008) : ferulic acid glucoside, coumaric acid hexoside, taxifolin, taxifolin hexoside, PS, PSM and lignin. Since phenolic glycosides are generally unavailable commercially, aglycones were used instead. Thus, the following commercial standards were used for the bioassays: ferulic acid and spruce alkali lignin (Sigma-Aldrich), trans-4-coumaric acid, taxifolin, PS and PSM (all Apin). Exact concentrations of taxifolin, PS, PSM and lignin to be used in the bioassays were obtained from the means reported in Table 1 in Wallis et al. (2008) . Concentrations of ferulic acid, coumaric acid and taxifolin (hexoside) were deduced from the ultraviolet (UV) absorption units reported by Wallis et al. (2008) by using standard curves for each compound (Villari et al. 2012) and by postulating and approximating that the aglycone standards would share similar UV absorbance intensities with their respective glycosides at the same molar concentrations. Concentrations calculated from the standard curves were then adjusted to account for the absence of the sugar group based on molecular weights. Concentrations determined for taxifolin hexoside were combined with taxifolin's, and the two compounds were treated as a single compound. The compounds were tested individually for antifungal activity at concentrations previously associated with the SIR phenotype. These SIR-associated concentrations were determined from the values for the 'fungal inoculated' treatment in Table 1 of Wallis et al. (2008) and were equated to 100% concentration in this study. The compounds were also tested individually at ±33 and 66% of the SIR-associated concentrations. Therefore, each compound was examined at 33, 66, 100, 133 and 166% of the SIR concentration. This bracketing included the concentrations detected by Wallis et al. (2008) in the 'nonwounded control' (NWC) treatment (i.e., constitutive concentrations), except for PSM, which in NWC trees was less than the 33% concentration we tested. Exact concentrations for all of the compounds at all of the percentages are shown in Table 1 , and were calculated based on 1 ml of agar medium being equivalent to 1 g of phloem fresh weight (FW) .
These compounds were also tested as naturally occurring groups, as determined by cluster and principal component analyses (Wallis et al. 2008) . Ferulic acid, coumaric acid, taxifolin and lignin were grouped and tested as cluster 1, while PS and PSM were grouped and tested as cluster 5 [cluster numbering in this study is the same as that used by Wallis et al. (2008) ]. Both clusters were found to be individually negatively correlated with lesion length (a measure of the SIR phenotype), but showed an even more significant correlation when combined as a single cluster (Wallis et al. 2008) . Therefore, clusters 1 and 5 were tested both individually and together as a combined cluster. Lignin demonstrated strong antifungal activity in our preliminary trials, so a combined cluster without lignin was also assayed: cluster 1 (−lignin) + cluster 5. Using the same conversion method employed above, the clusters were tested with their component compounds at two mean concentrations, the SIR-associated concentrations and the NWC concentration (Wallis et al. 2008) . Exact concentrations of all compounds used in the clusters are shown in Table 2 .
Medium preparation
Each compound, except lignin, was dissolved in 70% acetone and incorporated into cooling, solidifying PDA plates (diameter 53 mm) by pipetting concentrated stock solutions directly into the medium to yield the desired final plate concentration. Before solidification, the plates were gently shaken to distribute the metabolites evenly throughout the plate. Lignin was incorporated into the medium prior to autoclaving. The plates were stored at 4 °C for 3 days before inoculation with a 7-mm plug of D. pinea taken from the margins of actively growing cultures. Adding 70% acetone to cooling PDA did not reduce growth compared with unamended PDA (data not shown). Eight replicate plates were prepared for each compound/ cluster/concentration combination, with each plate having a single colony.
Growth measurements
Plates were incubated in the dark at room temperature throughout the study. Fungal colony diameters for each plate were taken at 3, 7, 10, 14, 21, 28 and 50 days post inoculation (dpi). Colony diameters were calculated by averaging two random measurements to help account for uneven growth margins. If colonies on two or more of the plates for any given concentration/cluster combination reached the edge of the plate (i.e., they had overgrown the plate), the experiment for Austrian pine phenolics in disease resistance 847 SIR, systemic induced resistance; NWC, non-wounded control. C1, cluster 1; C5, cluster 5; numbering is the same as used in Table 4 of Wallis et al. (2008) . 1 Cluster strengths are relative to their component compound concentrations, where the SIR strength compounds are equivalent to the 'fungal inoculated' treatment and NWC is equivalent to the 'NWC' treatment in Table 1 of Wallis et al. (2008) . 2 Lignin concentrations reported in mg ml −1 . Dashes used when the compound(s) is/are not present in the cluster.
that combination was considered concluded, and no more measurements for that concentration/cluster were made even for plates not yet overgrown.
Fungistasis/fungal toxicity tests
If the plates were not overgrown by 50 dpi, then three 3-mm plugs of mycelium from the colony margins were removed from each plate using a cork-borer. Each removed plug was then transferred, mycelium side down, onto fresh, unamended PDA. The plates were incubated in the same manner as above to test if the mycelia had been killed (fungitoxic effect) or had merely halted growth (fungistasis) due to the treatment.
Statistical analysis
Data were first inspected for normality using the Shapiro-Wilk test and by manually examining the residuals, and homogeneity of variance was assessed using Levene's test. Except for a minority of instances, data were normally distributed, and treatment data that were not normally distributed presented only minor violations of the Shapiro-Wilk test. Unequal variances were detected for several of the comparisons (described below), but these violations could not be corrected with data transformation. Therefore, to minimize the chances of Type I error, which increases when non-normal distributions and unequal variances are present, we set α = 0.01 for all analysis of variance (ANOVA) tests. When significant effects were detected using ANOVA, multiple comparisons were made using Tukey's honestly significant difference (HSD) test. However, when the variances were not homogeneous, the GamesHowell procedure was used instead of Tukey's HSD, which does not assume equal variances, and is recommended for post hoc analyses when parametric assumptions are not met (Ruxton and Beauchamp 2008) . For all post hoc analyses, treatments were considered significantly different when P ≤ 0.05. All of the analyses were conducted using IBM SPSS Statistics v. 20.0.0 (August 2011). For each individual compound, the effect of concentration on fungal growth was assessed by comparing colony diameters at different concentrations on a given observation date using one-way ANOVA; for this analysis, acetone control plates were used as the 0% reference for each compound. To determine the activity of individual compounds relative to each other, colony diameters were analyzed at the same concentration ratio (i.e., either 33, 66, 100, 133 or 166%) on a given observation date using one-way ANOVA.
For each cluster, the effect of concentration was assessed by comparing the colony diameters of the SIR and NWC plates on their respective latest shared observation date using oneway ANOVA. To assess the relative antifungal activity of different clusters for a given concentration, colony diameters on the latest shared observation were compared using one-way ANOVA. All clusters at both concentrations were examined for antifungal activity vs. the acetone controls by comparing colony diameters on 3 dpi with one-way ANOVA.
Results
Individual compounds
Acetone control plates were overgrown by 7 dpi, hence comparisons to them could not be made beyond 3 dpi. Nonsignificant differences in colony diameter vs. the acetone controls were observed only for PS at 33%, taxifolin at 133% and coumaric acid at 33-133% rates (Table 3 ). All of the other concentrations for each compound had significantly smaller colonies than the acetone controls at 3 dpi. The time course of mycelial development (colony diameter) under the effect of each individual compound at each concentration is shown in Figure 1 , while the associated statistical comparisons are shown in Table 3 . At 100% SIR concentrations, coumaric acid plates were overgrown by 7 dpi, taxifolin plates were overgrown by 10 dpi, ferulic acid and PS plates were overgrown by 14 dpi, and lignin and PSM plates were overgrown by 21 dpi.
Taxifolin exhibited equal antifungal activity for all concentrations above 0% at 3 dpi (Table 3) . However, the 133 and 166% plates were overgrown by 7 dpi (Figure 1, Table 3 ), while the remaining lower concentrations were not overgrown until 10 dpi. All of the other compounds displayed increasing antifungal activity with increasing concentration in most cases (Table 3) . For instance, ferulic acid's antifungal potency greatly increased when at SIR or higher concentrations, as 33 and 66% plates were overgrown by 7 dpi, but higher concentrations were not overgrown until 14 dpi. Lignin and PSM had similar levels of antifungal activity at concentrations of 33-100%, but lignin reduced fungal growth more than any other compound when at 133 and 166% concentrations (Table 3) . Concentration effects on growth for PSM were observed initially, but faded with time, as the 66-166% concentrations were all overgrown by 21 dpi and the colony diameters were not different from each other at 10 and 14 dpi (Table 3) .
Clusters
All of the clusters at both SIR and NWC concentrations had significantly smaller colonies at 3 dpi than the acetone controls, except for cluster 5 at NWC strength (Table 4 ). In all of the cases, clusters tested at SIR concentrations had significantly greater fungal growth suppression than when at NWC concentrations, whether this was based on overgrowth date or colony diameter on the same dates (Figure 2 ). Cluster 1 plates at NWC concentrations were overgrown by 10 dpi and had significantly larger colonies at 7 dpi than the SIR plates (F 1,15 = 271.5; P < 0.001), which were not overgrown even by 50 dpi. Cluster 5 plates at NWC concentrations were overgrown by 10 dpi and had significantly larger colonies at 7 dpi than the SIR plates (F 1,15 = 22.7; P < 0.001), which were overgrown by 21 dpi.
Cluster 1 (−lignin) + cluster 5 plates at NWC concentrations were overgrown by 10 dpi and had significantly larger colonies at 7 dpi than the SIR plates (F 1,15 = 91.5; P < 0.001), which were not overgrown until after 28 dpi. Cluster 1 + cluster 5 plates at NWC concentrations were overgrown by 14 dpi and had significantly larger colonies at 10 dpi than the SIR plates (F 1,15 = 118.7; P < 0.001), which were not overgrown even by 50 dpi.
For NWC concentration clusters at 7 dpi (the latest observation date shared between all clusters), there was no significant overall effect of cluster on colony diameter (F 3,31 = 1.034; P = 0.393), hence no post hoc comparisons were made. Differences in colony diameter for the SIR concentration clusters on shared observation dates are summarized in Table 5 . Cluster 5 had weaker growth inhibition at SIR concentrations than all of the other clusters, as measured by the overgrowth date and diameter comparisons at 14 dpi. Cluster 1 (−lignin) + cluster 5 had intermediate antifungal activity compared with the other clusters, because the plates were not overgrown until after 28 dpi, but had larger colonies at 28 dpi compared with cluster 1 and cluster 1 + cluster 5 plates. Cluster 1 and cluster 1 + cluster 5 had the greatest growth reduction at SIR concentrations, with cluster 1 + cluster 5 having slightly but significantly smaller colonies by 50 dpi than cluster 1 alone. All of the observed inhibition for these two clusters was fungistatic and not fungicidal, because the mycelial plugs taken from colony margins at 50 dpi were able to re-grow rapidly on PDA at rates comparable with the acetone-only controls (i.e., plates overgrown by 7 dpi).
Discussion
Our results demonstrate that a set of Austrian pine phenolics, previously shown to be co-regulated and correlated with SIR (Wallis et al. 2008) , have antifungal properties at the SIR concentrations and combinations detected in planta. Pinosylvin and PSM have previously been shown to accumulate in systemically induced tissues and to have a negative, but barely significant, correlation with lesion length in the same pathosystem (Wallis et al. 2008 ). These stilbenes have also been shown to possess antifungal properties against D. pinea Stanosz 1997, Celimene et al. 2001 ) and other fungi (Hart 1981 , Chong et al. 2009 ) in vitro; however, many of those results were obtained at unrealistically high concentrations for Austrian pine phloem. Other studies have called into question their involvement in defense, instead suggesting that these compounds act Austrian pine phenolics in disease resistance 849 Table 3 . Diplodia pinea mean colony diameters (mm) ± standard error for each compound, tested individually, at all its concentrations and observation dates. more like chemical markers of disease or contributors to symptom development through autotoxic effects on the host (Bonello et al. 1993, Bonello and Blodgett 2003) . Our results for cluster 5 (composed of PS and PSM) support this notion. For instance, cluster 5 had weaker antifungal activity than all of the other clusters (Table 5 , Figure 2) , and although the inclusion of the Table 1 ). Statistical comparisons are shown in Table 3 . Error bars are ±standard error. C1, cluster 1; C5, cluster 5; numbering the same as used in Table 4 of Wallis et al. (2008) . SIR, systemic induced resistance; NWC, non-wounded control. 1 See Table 2 for cluster compositions and compound concentrations.
Percent of SIR-associated concentrations
2 Significance determined at the α = 0.01 level using one-way ANOVA. Thus, only C5 at NWC strength did not differ from the acetone control.
stilbenes in the combined clusters (i.e., cluster 1 + cluster 5) increased the overall inhibitory activity of the compounds at SIR concentrations (Table 5) , fungistasis was still achieved without the stilbenes (Figure 2) . Furthermore, when at NWC concentrations, combining PS and PSM provided only a minor and nonsignificant reduction in colony diameter vs. the acetone controls at 3 dpi (Table 2) , though it did prevent plate overgrowth until 10 dpi. Together these data indicate that stilbenes alone offer relatively limited defense against D. pinea constitutively, and provide only a marginal enhancement of the phenolic-mediated SIR response. Lignin possessed the greatest individual antifungal activity and was also required for fungistatic inhibition. Lignin has known antifungal properties against many species and lignification is believed to contribute to resistance against a number of fungi (Vance and Sherwood 1976 , Yates et al. 1997 , Bonello and Blodgett 2003 , Lattanzio et al. 2006 . Lignin is a highly complex heteropolymer made of three primary phenylpropanoid precursors arranged in variable combinations and linkages, and is an integral component of the plant secondary cell wall where it is coupled with hemicelluloses via physical proximity and covalent bonding (Sarkanen and Ludwig 1971) . As a component of the cell wall, lignin is theorized to increase resistance to fungal pathogens in several ways. Lignin can protect plant cell walls by increasing their rigidity and thereby enhancing resistance to mechanical pressure, by shielding cell walls against fungal enzymes and toxins, and by limiting water availability for fungal enzymatic processes (Millet et al. 1975 , Vance et al. 1980 .
The spruce-derived alkali lignin standard that was available to us for this study generates two confounding factors: (i) the source species is different from the model plant in our study and (ii) unavoidable chemical and structural alterations to lignin occur during the extraction process. Despite using non-native lignin, the effects observed in our study should still be comparable with those of the Austrian pine lignin, because of the inherent similarities of gymnosperm lignin. The predominant phenolic subunit in all gymnosperm lignin is the guaiacyl monomer (Campbell and Sederoff 1996, Boerjan et al. 2003) , and examinations of extracted soluble lignin from conifers indicate that few chemical differences are present with the exception of polymer size (Goring 1962) . In other words, gymnosperm lignin is composed of nearly the same chemical subunits but differs in configuration. Therefore, the fundamental chemical aspects of lignin resistance mechanisms may be the same between different gymnosperm species. Alkali extraction of lignin is complex, and involves the chemical degradation of woody tissue into its component fibers and subsequent removal of lignin under basic conditions (Wenzl 1967) . This process causes substantial changes to the lignin macromolecule including fragmentation, breakage of lignin-carbohydrate bonds, occurrence of condensation reactions and the removal of hemicelluloses (Rydholm 1965, Sarkanen and Ludwig 1971) , all of which can permanently alter lignin from its native form. Furthermore, the lignin standard we used only became soluble in PDA after autoclaving, which may have broken the lignin macromolecules down into oligomeric and monomeric fragments. The consequences of any potential breakdown from the autoclaving and extraction processes on bioactivity are unknown. It is possible that the antifungal effects observed here are not directly attributable to lignin as it would be in its native form integrated into host cell walls, but rather to its altered breakdown products, which could be more or less bioactive. However, the potent inhibitory effects observed here, combined with previous results showing that increased lignin concentration is correlated Austrian pine phenolics in disease resistance 851 Figure 2 . Diplodia pinea colony diameters for all of the clusters at SIRassociated concentrations (filled circles) and NWC-associated concentrations (no markers). Concentrations of each compound in the clusters are shown in Table 1 . Cluster 1: coumaric acid, ferulic acid, taxifolin and lignin; cluster 5: PS and PSM. Error bars are ± standard error. 1 Significance determined at the α = 0.01 level using one-way ANOVA. See Table 2 for cluster composition.
with SIR (Wallis et al. 2008) as well as localized induced resistance in this pathosystem (Bonello and Blodgett 2003) , provides compelling circumstantial evidence that lignin is a critical component of SIR in Austrian pine. Ferulic acid glucoside is strongly induced following infection with D. pinea and was individually negatively correlated to lesion length in trees expressing SIR (Wallis et al. 2008) . Coupled with its stronger antifungal activity at SIR concentrations than at the lower concentrations tested (Table 3) , it seems that ferulic acid is an important component of induced resistance in Austrian pine. Ferulic acid glucoside is also induced systemically in ponderosa pine (Pinus ponderosa Dougl. ex Laws) following infection with Heterobasidion annosum (Fr.) (now H. irregulare Otrosina and Garbelotto) , so its systemic accumulation may be a common defense mechanism in pines against phytopathogenic fungi. Ferulic acid is an important early intermediate in guaiacyl lignin biosynthesis (Boerjan et al. 2003) , among other secondary metabolites, so in addition to its own antifungal properties (Francisco and Cooper-Driver 1984 , Wacker et al. 1990 , Sarma and Singh 2003 it probably serves as an important precursor to additional toxic metabolites and lignin.
The relatively weak activity of coumaric acid suggests that this compound may not be directly involved in SIR, and may simply be serving as a precursor to other metabolites. Coumaric acid is an early product of the phenylpropanoid pathway (Boudet et al. 1995, Fraser and Chapple 2011) , and therefore its induced accumulation may be more indicative of upregulated phenolic metabolism than an active accumulation for direct defense purposes. Coumaric acid exists as three isomers with varying positions of the hydroxyl group on the phenyl ring. The isomer identity of the coumaric acid hexoside found in Wallis et al. (2008) is not known and only the trans-4 isomer (a.k.a. p-coumaric acid) was tested in this study, but this isomer has known antifungal activity against at least a few fungi (Francisco and Cooper-Driver 1984) . Coumaric acid isomers did result in differential inhibition of pathogenic fungi of cucumber (Daayf et al. 2000) , hence, a more detailed characterization of the identity and activity of coumaric acid isomers in Austrian pine may reveal a greater direct impact of the other isomers against D. pinea.
Observations for taxifolin at 133 and 166% were not taken at 10 dpi because two of the plates for both concentrations had become overgrown, meeting our criterion to end the study for those concentrations. All of the remaining concentrations had only one plate or no plates overgrown at 10 dpi, and so colony measurements were taken for those concentrations. In general, taxifolin plates had more variable colony measurements than other compounds (Table 3) . Therefore, the difference in overgrowth date seen is probably an artifact of our self-imposed observation cutoff coupled with the more variable growth patterns seen with taxifolin-treated plates. Supporting this notion is that no significant differences were detected in colony diameters for any of the concentrations at 3 dpi (Table 3) , despite the overgrowth date discrepancy.
In our study, taxifolin only marginally inhibited fungal growth, probably because the maximum antifungal activity of taxifolin against D. pinea had already been achieved at the 33% concentration. Taxifolin often accumulates in response to infection in conifer species (Witzell and Martin 2008) , but in only a few studies has it been implicated in plant defense (Lieutier et al. 1996 , Wallis et al. 2008 ). Other studies found mixed results when assaying taxifolin for antifungal properties. For instance, taxifolin isolated from black galls of trembling aspen (Populus tremuloides Michx.) had no toxic effects against wood decay basidiomycete Phellinus tremulae (Bond.) (Pausler et al. 1995) , while 6-p-hydroxybenzyltaxifolin-7-O-β-d-glucoside isolated from Mangifera indica (L.) leaves possessed antifungal activity against several fungi in a concentration-dependent manner (Kanwal et al. 2010) . Using more variable concentrations of taxifolin may reveal a concentration-dependent activity in this pathosystem, although appreciably lower concentrations would likely possess little to no antifungal properties against D. pinea.
It is also possible that taxifolin hexoside possesses greater antifungal activity than taxifolin itself, an important property this study may have missed by only examining the aglycone for activity. The same may be true of ferulic acid and coumaric acid, as for both compounds Wallis et al. (2008) only observed significant systemic accumulation for their associated glycosides. Plant phenolics most frequently occur as O-β-dglycosides of the core aglycone, with the sugar group serving to improve solubility for storage in vacuoles and other organs (Wink 1997 , Beckman 2000 . However, aglycones are generally considered the active form of phenolics in biotic interactions (Lattanzio et al. 2006) , though this is not true of all chemical classes. For instance, the removal of sugars results in a loss of activity for some polycyclic glycosides (Majak 2001) , such as saponin (Osbourn 1996) . Conversion of glycosides to more toxic aglycones during infection is thought to be driven primarily by fungal β-glycosidases (Olah and Sherwood 1973 , Woodward and Pearce 1988 , Viiri et al. 2001 ), but plant derived glycosidases are also possible participants (Pegg and Young 1981 , Lattanzio et al. 2006 , Zhang et al. 2011 , with the overall activity probably resulting from the combined sources. For this reason, the antifungal effects (or lack thereof) observed with the aglycones used here are probably the best approximation to actual in planta defense processes. Furthermore, the exact identity and positioning of the sugar moiety(s) is/are unknown for most of the compounds we used and glycosides, in general, are rarely available commercially. Thus, no meaningful in vitro tests of glycosides can be conducted at present in studies such as ours.
Combining the phenolic compounds at SIR concentrations achieved antifungal activity that was significantly stronger than any individual compound or the NWC concentration clusters and even achieved fungistasis. This marked increase in potency clearly advocates a role for these compounds establishing the SIR phenotype in Austrian pine and underscores the importance of co-regulated chemical defenses in trees. Systemic induced resistance is hypothesized to represent an important resistance strategy in pine trees (Bonello et al. 2001) , with a documented role in reducing Fusarium circinatum (Nirenberg and O'Donnell) infection in Pinus radiata (D. Don) (Gordon et al. 2011) . Therefore, efforts to select greater fungal resistance in pines should strongly consider selecting for trees with highly inducible phenolic metabolism, or higher constitutive levels of phenolics.
In conclusion, our study provides considerable support to the hypothesis that phenolics are key players in SIR responses in Austrian pine (Wallis et al. 2008) , and validates several phenolic resistance biomarkers for targeted resistance breeding programs. However, it is important to note the artificial nature of in vitro assays, and so the results seen in our study may not entirely reflect what occurs in planta, particularly in the case of lignin. In addition, the activity of phenolics is believed to be highly influenced by their environment's oxidative state and the conditions affecting that state (Appel 1993) , and no efforts were made to control or monitor the oxidative capacity of the medium used in this study. In future studies aiming to test antimicrobial activities of phenolics, it would be pertinent to examine the effects of different oxidative states on compound activity. This may be particularly relevant when examining compounds as clusters due to reactions that may occur among the compounds themselves.
